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 High levels of fecal bacteria in surface waters are a public health concern due to 
the enteric illnesses caused by primary contact with these waters.  Shortcomings in the 
current fecal indicator bacteria (FIB) monitoring approach and the ubiquity of pathogen-
impaired water bodies has led to the development of microbial source tracking (MST), a 
molecular tool that can identify potential fecal contamination sources. In this study we 
use a bacterial community based approach examining the V4 region of the 16S rRNA 
gene to elucidate sources of fecal bacteria in Antelope Creek, an urban creek in Lincoln 
Nebraska.  
 We hypothesized that sediment from the bed of Antelope Creek and animal 
wastes near the stream were major sources of the fecal bacteria in dry and wet weather 
water samples.  To test the hypothesis, water from three dry weather events and three 
storm events was collected in addition to streambed sediment, sanitary sewage, and fecal 
waste from birds, dogs, small mammals, and horses. A UniFrac multi-variative principal 
coordinate analysis (PCoA) revealed differences in bacterial communities from sediment 
and water samples, indicating that sediment is not likely a major contributor of bacteria to 
dry and wet weather flows. PCoA analysis on the Bacteroidetes phylum revealed strong 
differences in community composition between water samples and fecal waste from 
 
 
 
 
horses, sanitary sewage, geese and dogs. The closest fecal community compositions were 
found for wastes from small mammals, pigeons, and ducks.  
 Statistical differences were seen in the overall bacterial community and the 
Bacteroidetes population by sampling date for both dry and wet weather water, while no 
statistical differences were seen by sampling location. This distinction suggests that 
environmental or source changes throughout the recreational season (e.g. temperature, 
sunlight, seasonal animal migration) were the major drivers of the shifts in the bacterial 
community in Antelope Creek. The absence of a location with consistently high E. coli 
counts suggests no major point source contribution.  
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Chapter 1: Introduction 
1.1 Background 
 Impaired water quality is an issue of growing concern, as natural water bodies 
show increased pollutant levels concurrent with rising population and urbanization. One 
of the chief concerns in surface water quality and one of the greatest threats to public 
health is the presence of fecal contamination due to its risk of carrying human-specific 
enteric pathogens (Scott et al., 2002, USEPA, 2005). In the United States, pathogens are 
the leading cause of impairment to water bodies with 12,340 out of 52,355 impairments 
being from pathogens since 1995 (USEPA, 2010). Fecal indicator bacteria (FIB) are used 
as surrogates to indicate the presence of enteric microbes for water quality assessment 
purposes. Escherichia coli (E. coli) is a widely used FIB in assessing the health risk from 
water contact (USEPA, 2005).  
 In Nebraska, E. coli is the leading cause of waterbody impairments, affecting 12 
of Nebraska’s 13 primary watersheds (EA Engineering, 2012). Although culture based 
enumeration of FIB is important, quantification alone does not give specific information 
with regards to the origin of fecal pollution. Knowledge of the spatial and temporal 
distribution of fecal pollution as well as the contributing sources is prerequisite to 
identifying the most effective best management practices (BMPs) to address fecal 
contamination in water (Marti et al., 2011, Cao et al., 2011).  
 Shortcomings in the current FIB monitoring approach and increasing pressure to 
determine fecal sources of non-point pollution concurrent with TMDL requirements has 
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fueled research in source identification tools (Domingo et al., 2007, USEPA, 2005). 
Various fecal tracking techniques using microbiological, genotypic, phenotypic, and 
chemical methods have emerged including microbial source tracking (Scott et al., 2002, 
Dubinsky et al., 2012). 
 Antelope Creek is a 5.7 mile creek in Lincoln with a primarily urban watershed 
(EA Engineering, 2012). The creek was classified as impaired for E. coli in 2007 by the 
Nebraska Department of Environmental Quality and the United States Environmental 
Protection Agency (EPA) and a Total Maximum Daily Load (TMDL) for E. coli was set 
at 113 cfu/100mL according to primary contact stream standards (EA Engineering, 2012). 
Meeting the TMDL in Antelope Creek would require a 93% reduction from the current 
seasonal geometric mean of 3,433 cfu/100mL. Previous studies have indicated that point 
discharges are not suspected as primary sources of bacterial contamination, and that in-
depth source analysis is necessary to address the impairment (EA Engineering, 2012). 
 The study presented here utilizes a library-dependent, genotypic source tracking 
method to identify possible sources of bacterial load to Antelope Creek.  The method 
involves the collection of environmental and fecal samples, isolation of the DNA from 
each, and genetic sequencing and evaluation of the bacterial communities therein to 
determine possible fecal influences or relationships in the environmental samples.  
1.2 Purpose of the Study 
 The purpose of this study was to examine bacterial sources in the Antelope Creek 
watershed and to elucidate the predominant sources of E. coli loading to the waterway 
during dry and wet weather flows using microbial source tracking and quantification.  
3 
 
 
 
1.3 Objectives 
The objectives of the study were to: 
1. Characterize microbial communities in water and sediment samples in Antelope 
Creek in dry and wet weather events to identify if sediment serves as a source of 
bacteria during wet weather flows, 
2. Characterize bacterial populations in water, sediment, and fecal samples to identify 
host species contributing fecal bacteria to Antelope Creek through kingdom and 
phylum level microbial source tracking analyses, and 
3. Analyze three stages of multiple wet weather events to identify how the microbial 
community changes throughout a storm. 
1.4 Thesis Organization 
This thesis is organized into four chapters. A literature review can be found in 
Chapter 2, giving an overview of microbial source tracking methods, a summary of 
current water quality regulations, and previous research on Antelope Creek. Chapter 3 
explains the sample collection approach, testing and analysis methods, and presents 
primary findings of the research following the format of a journal publication. It is 
intended that excerpts from Chapter 3 will be used in a future journal publication. 
Chapter 4 discusses the current research conclusions and provides recommendations for 
future study. The appendices include supplementary information with descriptions of the 
study area, details on protocols used, and additional data.   
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Chapter 2: Literature Review 
2.1 Introduction 
To place this study in regulatory and scientific context, an overview of several 
topics is presented: first, a summary of regulatory settings demonstrating the impetus for 
this research and a brief overview of findings from previous studies on Antelope Creek, 
next, a synopsis of relevant microbial source tracking studies to provide background on 
the molecular biology tool utilized within this study, and last, an overview of some of the 
complexities faced in the identification and management of E. coli sources. 
2.2 Regulatory Background & State of Antelope Creek  
Enacted in 1972, the Clean Water Act (CWA) aimed to “restore and maintain the 
chemical, physical, and biological integrity of the nation’s waters, by preventing point 
and nonpoint pollution sources (CWA, 1972).” Thus, the EPA began to require the 
monitoring of water bodies and formed the 303(d) list, which lists and categorizes 
impaired and threatened waters biennially. For the water bodies not achieving compliance 
with the water quality standards, states are required to develop total maximum daily loads 
(TMDLs), and create implementations plans to reduce pollutant loading to those water 
bodies.  
Nationally, pathogens are the leading cause of impairment for assessed river and 
stream miles with over 160,000 miles considered threatened or impaired (USEPA, 2012). 
Pathogens from fecal pollution represent a significant cause of these impairments, 
resulting in enteric illness, beach closures and elevated costs of disinfection treatment 
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(Marti et al., 2011).  E. coli is the EPA recommended fecal indicator bacteria (FIB) for 
assessing human health risk in recreational waters as it originates in the intestine of 
warm-blooded animals, is reported to have low survival in the environment, and is 
therefore considered a good proxy for recent fecal contamination. The current standard 
for E. coli in primary contact recreational waters for E. coli is 126 cfu/100mL based on 
an accepted risk level of eight swimmer illnesses per 1,000 exposures (USEPA, 2005). 
 Antelope Creek was classified as impaired for E. coli in 2007, and a TMDL was 
set for E. coli at 113 cfu/100mL during both wet and dry conditions according to primary 
contact stream standards and a margin of safety. Previous studies in Antelope Creek 
identified a seasonal geometric mean for E. coli of 3,433 cfu/100mL and did not detect a 
long-term increasing or decreasing trend (EA Engineering, 2012). In the context of other 
Lincoln streams, with both urban and mixed land use, Antelope Creek had the highest 
seasonal geometric mean, but was not the only urban stream exceeding E. coli primary 
contact standards as shown in Table 2.1 (EA Engineering, 2012). This is not unusual, as 
primary contact stream standards are often exceeded in urban stormwater, regardless of 
the land use (Pitt et al., 2008, Hathaway et al., 2009). These watersheds for these listed 
streams and their proximity to Antelope Creek can be seen in Appendix A. 
Table 2.1 Geometric Means of E. coli in Impaired Lincoln Waters 
Segment Location Dominant Land Use Seasonal Geometric Mean (cfu/100mL) 
Antelope Creek Urban 3,433 
Dead Man’s Run Urban 1,404 
Salt Creek at Lincoln Urban 432 
Oak Creek Mixed 389 
Salt Creek at Pioneers Blvd Mixed 458 
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Historic data shows that discharge to Antelope Creek from the overflow at the 
Holmes Lake dam, the creek’s upstream-most source, generally meets water quality 
standards (EA Engineering, 2012). However, levels downstream have been consistently 
elevated indicating that the stretch between Holmes Lake and the downtown area 
contains sources of concern. Possible bacterial sources have been suggested (e.g. illicit 
discharges, sewer line breaks, domestic and wild urban animals, environmental growth, 
and persistence of E. coli in sediment and algae) but no clear evidence confirming these 
is available (EA Engineering, 2012). An example from studies from other urban streams 
informing these suspected sources is the work of Sejkora et al. in Austin, Texas, showing 
that swallow feces from bridge roosting sites were shown to seasonally contribute to 
elevated E. coli levels downstream in wet weather flows. E. coli levels were significantly 
elevated during the twenty-day period between hatching and fledging of the nestlings 
when the birds were more concentrated (Sejkora et al., 2011). Bridge roosts containing 
large quantities (20+) of various bird species (e.g. pigeons, swallows) are known to be 
present along Antelope Creek.  
Low surfactant levels in dry weather flows in Antelope Creek do not suggest 
significant continuous illicit wastewater or washwater sources, however, periodic sanitary 
sewer inputs from leaking pipes or cross-connections cannot be excluded as a possible 
source. Wet weather E. coli levels are generally an order of magnitude higher (e.g. 104) 
than dry weather (e.g. 102 -103). Current water quality records suggest the sources of        
E. coli within Antelope Creek are nonpoint in origin, but little evidence beyond 
speculative theories exists for identifying specific sources, or pathways of contamination. 
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Various studies have identified urban watersheds as important sources of nonpoint 
bacterial contribution to surface waters. Street surfaces and parking lots have been 
identified as major sources of urban runoff bacteria and some suggest the ‘first flush’ of 
animal feces from impervious surfaces and fecal bacteria distributed in soils within the 
drainage area may be important sources (Qureshi and Dutka, 1979, Pitt and Bozeman, 
1982). In addition, several physical and climatic factors have been shown to influence 
stormwater indicator organism concentrations, including inter-event period, intensity of 
rain event, and street density (Lager et al., 1977). At times, even stormwater best 
management practices (BMPs) such as dry detention basins and proprietary settling 
chambers have been shown to be sources given the right environmental conditions 
(Hathaway et al., 2009).  
Strains of E. coli have been shown to persist and even colonize in sediment and 
soils from 1 week to 6 months, or longer in extreme cases with sufficient environmental 
conditions (e.g. moisture, temperature) and favorable soil characteristics (e.g. high clay 
and moisture content, nutrient retention, anaerobic zones)(Ma et al., 2013).  Some have 
suggested that the growth of E. coli in soils can act as a reservoir for further 
contamination of waterbodies (Brennan et al., 2010). As such, an understanding of the 
characteristics and fate of E. coli in the environment is critical to its validation as an 
indicator organism. Furthermore, understanding the sources of bacteria from urban 
stormwater is essential to identifying appropriate management practices and assessing the 
related public health risks (Scott et al., 2002, Tambalo et al., 2012). 
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2.3 Microbial Source Tracking  
Microbial Source Tracking (MST) is an emerging tool used to identify the origin 
of fecal contamination in water through various molecular and biochemical methods 
(Simpson et al., 2002, Gourmelon et al., 2007, Seurinck et al., 2005). MST has rapidly 
developed over the past decade leading to the host of methods based on phenotypic, 
genotypic, and chemical characteristics (Scott et al., 2002).   
Each MST technique relies on a unique feature to identify sources of fecal 
contamination. Phenotypic microbial source tracking methods typically rely on 
identifying traits, such as antibiotic resistance, substrate utilization, or flagellar antigens, 
which have been acquired by bacterial species from exposure to different environments. 
Chemical source tracking methods examine the persistence of natural or synthetic 
compounds (e.g. caffeine, artificial sweeteners, and medicinal metabolites) in the 
environment to confirm fecal contamination from specific host species, generally human. 
Genotypic fecal MST methods compare the genetic differences between gut bacterial 
communities, owing to the unique environmental differences of each host species’ gut, 
including factors such as nutrients, pH and temperature (Shanks et al., 2006, Scott et al., 
2002). Due to environmental differences and selective adaptation, each group of 
microbial organisms within a specific host or environment possesses a unique genetic 
‘fingerprint’.  This ‘fingerprint’ can be identified in environmental samples using library-
dependent or library-independent MST methods.  
Library-independent genotypic methods involve identifying and examining a 
specific bacterial species, exclusive to one host or a group of related hosts (e.g. 
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ruminants). This bacterial species then acts as a marker to identify fecal contribution from 
this species. In library-dependent methods, a fecal library is collected or obtainedfrom an 
online database and used to identify possible sources through bacterial community 
comparisons. A popular library-dependent MST technique utilizes polymerase chain 
reaction (PCR) amplification and next-generation genetic sequencing on regions of the 
prokaryotic 16S rRNA gene allowing for the identification, and in some cases 
quantification of contributing fecal sources.  
Various MST studies using the 16S rRNA gene have aided in identifying and 
distinguishing sources of fecal bacteria pollution in urban and rural areas. Examples 
include distinguishing human from animal sources (Bernhard and Field, 2000b), 
determining the degree of waterfowl fecal contribution to Minnesota and South Carolina 
lake impairments (Yan et al., 2007), ruling out sanitary sewers as a source and identifying 
canine species as possible fecal sources (Ervin et al., 2014), confirming contamination 
from muskrats in a Canada watershed (Marti et al., 2011), and identifying the degree and 
reach of sanitary sewer pollution in the waters of Lake Michigan (Newton et al., 2013). 
Numerous MST studies have begun to use single marker-based methods (i.e. 
library-independent), relying on a single phenotypic or genotypic biomarker to identify 
fecal sources (Berhard  and Field, 2000a, Byappanahalli et al., 2006, Cao et al., 2013). 
Particularly popular have been studies using host-specific marker genes from Bacteroides 
and Bacteroidales (Fogarty and Voytek, 2005, King et al., 2007, Marti et al., 2011).  
However, single-target approaches are limited in that no single marker is 100% specific 
for any one type of waste, and relying solely on one biomarker depends wholly on the 
fate of that marker in the environment (Harwood et al., 2014, Cao et al., 2011, Dubinsky 
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et al., 2012, Lee et al., 2011). In cases where FIB are suspected to persist in the 
environment, host-specific markers would prove ineffective as a host-specific signature 
may not be detectable. In addition, to successfully characterize fecal pollution using host-
specific markers, one must first identify possible contributing species, which may not be 
evident in some complex urban watersheds. 
Due to these limitations, many groups have explored a broader microbial 
community analysis, in which the whole detectable microbial community is characterized 
and evaluated (i.e. library-dependent)(Cao et al., 2011, Unno et al., 2012, Dubinsky et al., 
2012). This approach provides information on environmental microbial relationships and 
allows for the examination of several bacterial taxa allowing a multiple-indicator 
approach for MST. 
The number of sequenced DNA reads obtained per library now possible with 
high-throughput platforms makes examining subpopulations from within the overall 
microbial community for fecal MST possible (Unno et al., 2010, Caporaso et al., 2011).  
The phylum level bacterial group Bacteroidetes, containing commonly used host-specific 
marker groups Bacteroidales and Bacteroides, has been used with a community analysis 
approach to identify fecal sources (Unno et al., 2012, Dubinsky et al., 2012). 
Bacteroidetes are more abundant in feces of warm-blooded animals than E. coli and play 
a role in host health and nutrition, making them a prime target for fecal microbial source 
tracking methods (Dick and Field, 2004, Reischer et al., 2013). Within this phylum, 
members of the genus Bacteroides are the most represented in the fecal microbiota 
(Thomas et al., 2011). Bacteroidetes for the most part are associated with intestinal tracts 
of animals and exhibit host specificity, but they are not exclusive to the gut, and are 
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found in various ecological niches, including soil, decaying plant matter, compost 
freshwater and algae. However, as the Bacteroidetes phylum is home to numerous key 
bacterial groups which are exclusive to the gastrointestinal tract, the examination of this 
phylum via MST may give indications of fecal sources and relationships.   
2.4 Complexities of Using E. coli as a Regulatory Indicator 
The source of an indicator organism may have a great influence on its associated 
health impacts in the environment. Most epidemiological studies used to establish water 
quality standards used human sewage as the primary source of contamination as microbes 
from human sewage are assumed to present a more serious threat to human health than 
that from animal feces (Field et al., 2003). Studies have found that pathogenic risk to 
humans from animal feces, specifically bird and pig are substantially lower than that of 
human and cattle (Soller et al., 2010). Thus it is debated whether E. coli is an appropriate 
indicator in water bodies where sanitary sewer connections are not suspected, as the 
health risk of primary contact of impaired waters is a function of the source of the fecal 
matter. Furthermore, although fecal indicator bacteria are nearly ubiquitous in urban 
drainage, it is unclear what the relationship is to other enteric pathogens of health concern 
(Schroeder et al., 2002). 
Some have suggested that enteric bacteria can survive in soil between two and 
three months, although survival times of up to five years have been documented (Pitt and 
Bozeman, 1982). There is evidence that naturalized E. coli may form genetically distinct 
populations in the environment suggesting that autochthonous E. coli populations in soil 
may have enhanced environmental fitness allowing their persistence outside the intestinal 
tract. This survival and growth of E. coli in soils, sediments, and aquatic vegetation may 
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be responsible for continuous bacterial loadings to waterbodies (Byappanahalli et al., 
2003, Byappanahalli et al., 2006, Davies et al., 1995, Ishii et al., 2006). This introduces 
complexities for both MST and water quality regulation. The reliability of E. coli as a 
fecal indicator organism is contingent on the validity of the assumption that its presence 
is a result of a recent fecal contamination (Goto and Yan, 2011). In addition there are 
some reports that E. coli communities can alter considerably in transition from the 
primary host to the environment (Brennan et al., 2010). “The more adapted these E. coli 
can be, the more distant from commensal E. coli they will be, and the less useful they 
become in the study of MST and evaluation of health hazards (Perchec-Merien and Lewis, 
2013).”  
2.5 Summary 
The recent historic water quality findings from Antelope Creek are limited and 
suggest the need for a more targeted investigative tool to suggest sources of bacterial 
loading to the creek. Microbial Source Tracking is a rapidly developing field which has 
been successfully used in urban settings to identify fecal sources to waterbodies, yet 
various limitations exist, including identifying a single-marker with robust species 
specificity. Utilizing a bacterial whole-community analysis for a multiple-indicator 
approach has become possible with increased sequencing depths. Utilizing fecal MST to 
examine FIB impaired waters is a promising area due to the limitations and complexities 
of using E. coli as a regulatory fecal indicator, particularly if E. coli is able to persist in 
environmental niches and become ‘naturalized’.  
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Chapter 3: Methods & Results 
3.1  Introduction 
Water quality impairments from fecal contamination have serious economic and 
public health implications. Fecal indicator bacteria (FIB) are used to quantify fecal 
contamination in surface waters as they have traditionally been considered reliable 
indicators of human health risk from fecal bacteria. However, limitations in the current 
FIB monitoring approach have led to the development of alternate detection methods 
including microbial source tracking (MST). E. coli a FIB, once thought to be exclusive to 
the gastro-intestinal track of warm blooded animals, has been shown to persist in the 
environment. Hence, some have suggested the survival and growth of bacteria in soil, 
contaminated sediment, and storm sewers may be sources for continuous bacterial 
loadings to surface waters in wet weather events (Droppo et al., 2009, Byappanahalli et 
al., 2006, Davies et al., 1995, Ishii et al., 2006).  
Elevated E. coli levels have been detected in coastal stream basins, particularly in 
submerged margin and wetted bank sediments, with numbers rapidly decreasing 
landward beyond the banks (Byappanahalli et al., 2003). Studies using biological tracers 
and mathematical modeling have concluded a direct link between E. coli in wet weather 
flows and suspended solids from shear-induced erosion of particles from land and 
channel-bed surfaces (Jamieson et al., 2005a, 2005b, Reeves et al., 2004, Fries et al., 
2008). One study reported up to 40% of detectable wet weather E. coli as being 
associated with settleable particles (Krometis et al., 2007). Furthermore, based on a clone 
library analysis of urban watersheds in Santa Barbara, creek water during dry weather 
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was found to be typical of freshwater habitats, whereas during wet weather flows, 
numerous clones associated with solid matrices were detected suggesting input of 
allochthonous bacteria from various environmental sources (Sercu et al., 2011).  
Within MST, source-specific single-indicator methods have been important in 
identifying some sources of microbial contamination, yet no single-indicator method is 
100% specific to for any one type of waste. Furthermore with reports of FIB persisting in 
the environment, single-indicator methods, which target human and animal host species, 
lack the ability to detect environmental sources of FIB (Dubinksy et al., 2012). Whole-
community MST is a promising area of study, characterizing the entire detectable 
microbial community with the potential to act as a multiple-indicator approach for MST. 
Sequence analysis of the entire microbial community has the potential to allow for the 
identification of multiple bacterial sources, including both fecal and environmental (Cao 
et al., 2011). 
In the study reported here, the microbial community structures in dry and wet 
weather water from a stream with known fecal bacteria impairment are characterized and 
compared to those found in streambed sediment and fecal samples of known origin with 
the goal of discerning fecal and environmental bacterial source inputs to the stream. The 
microbial communities within sediment and dry and wet weather water were also 
characterized to identify temporal and spatial factors influencing changes within the 
microbial community.  
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3.2 Methods 
3.2.1 Antelope Creek Characteristics 
The watershed of interest is Antelope Creek, a tributary to Salt Creek, within 
Subbasin 2 of the Lower Platte River Basin. The entire watershed encompasses nearly 
13.1 square miles in southeast Lancaster County. Approximately 95% of the watershed is 
urban and primarily residential. The watershed includes a 112-acre flood control and 
recreational reservoir, Holmes Lake, which forms a functional hydrologic break in the 
middle of the watershed. Accordingly, the upper portion of Antelope Creek watershed 
contributing to Holmes Lake is generally referred to as the Holmes Lake watershed and 
the lower portion as the Antelope Creek watershed. The watershed, associated land uses, 
and the surrounding watersheds in Lincoln are shown in Appendix A. Baseflow, or dry 
weather flow, to Antelope Creek from Holmes Lake via a dam overflow structure is 
generally below the TMDL, however elevated E. coli levels have consistently been 
detected downstream, near and upstream of Lincoln’s downtown area. This knowledge 
informed the study area for this research which is focused on the approximately 4.5 mile 
stretch below Holmes Lake and above a labyrinth weir located near the intersection of 
23th & N streets. 
Antelope Creek, an open concrete-lined channel, receives a base flow from 
Holmes Lake via an overflow spillway and intermittent flows in dry weather from 
irrigation, washwater, groundwater seepage, and other sources. A fragmented layer of 
sediment is present at various locations in the stream ranging from 5-20mm thick. 
Upstream the sediment is generally coarse and sandy without vegetation, transitioning to 
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a mixture of silt loam or clay loam downstream with some vegetation growth. In wet 
weather, the channel serves as a stormwater conveyor, receiving runoff flows from 
approximately 86 miles of storm drain pipe across the watershed. The drainage pipes are 
reported to generally be in good condition (EA Engineering, 2012). There are no current 
municipal or industrial discharge permits to the creek, nor are there known combined 
sewers or sanitary sewer overflows in Lincoln. Figures of Antelope Creek can be found 
in Appendix A. 
3.3 Experimental Design 
3.3.1 Description of Sites 
Four sites were chosen for dry and wet weather water sampling along Antelope 
Creek. The sites were chosen at various locations downstream of Holmes Lake, in order 
to test for possible spatial and source variation. The upstream most site (AC4) was 
selected because it represents the upper half (48%) of our study area. The other 
downstream sites (AC1, AC2, AC3) were selected to identify possible water quality 
changes resulting from land use changes or unique location specific point sources. A map 
showing the location of each sampling site and the associated site-exclusive subbasins 
can be seen in Figure 3.1.  
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Figure 3.1 Map of Sites and Subbasins of Sampling Locations 
 
The contributing areas for each point, each subbasin, and the percent of 
impervious surfaces of each are listed in Table 3.1, and were derived from City of 
Lincoln and Lancaster County Geographic Information Systems data (City of Lincoln 
and Lancaster County, 2014). The total area (and percent impervious surfaces) 
contributing to each sampling location is included as well as each site-exclusive basin 
area (subbasin). The delineated subbasins and associated areas report the site-exclusive 
area, or the area contributing to each sample location which does not also contribute to an 
upstream sampling site. A list of the sampling sites with brief descriptions, justification 
for their selection, and detailed information regarding land use is provided in Appendix A. 
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Table 3.1 Contributing Areas in Antelope Creek Watershed 
 Total Contributing Area to Site Site-Exclusive Subbasin Area 
Site Total (acres) Impervious Total (acres) Impervious 
Salt Creek1 8,714 30% 1,087 47% 
AC1 7,627 27% 165 38% 
AC2 7,462 27% 466 34% 
AC3 6,996 27% 1,589 27% 
AC4 5,407 26% 2,023 25% 
Holmes Lake1 3,384 27% 3,384 27% 
1 subbasins below AC1 (Salt Creek) and above Holmes Lake are included here but were not sampled 
The percent of impervious surfaces for each site-exclusive sampling subbasin 
(AC1-AC4) increases in a downstream direction.  
3.3.2 Water Sampling 
Discrete samples were collected from each site (AC1, AC2, AC3, and AC4) 
during dry and wet weather periods. The dry weather sampling events were scheduled to 
record the state of the stream before wet weather sampling events, and were collected on 
dates where a minimum of 48 hours had passed since the last rainfall event. One-liter 
water samples were collected in Nalgene bottles (Nalgene Labware, Hudson, NH) 
approximately 3 cm below the surface. Wet weather samples were collected during a 
storm event at three stages of the hydrograph: first flush (FF), peak flow (PF) and 
receding limb (RL) to examine how the E. coli levels and microbial composition in the 
stream changed throughout a wet weather event. During wet weather events, samples 
were collected from bridges passing over Antelope Creek using weighted rope sampling 
devices. Each weighted sampler housed a one-liter bottle and was submerged repeatedly 
near the center of the flow and used to fill other one-liter Nalgene bottles. Water for  
E. coli testing for both dry and wet weather sampling was collected in sterile 120mL 
IDEXX bottles (Westbrook, ME).  All samples were collected from Antelope Creek, 
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transported on ice, and refrigerated until testing. Details on sample collection can be 
found in Appendix B. 
A summary of all dry and wet weather sampling events and the hydrologic and 
climatic conditions can be found in Table 3.2. Raw data is available for wet weather in 
Appendix E. 
Table 3.2 Summary of Sampling Events 
¹DW= Dry Weather Sampling Event, WW=Wet Weather Sampling Event 
 
Climactic and hydrologic data was retrieved from the USGS Antelope Creek at 
27th Street gauging station (06803300) which recorded precipitation, gage height and 
flow rate in fifteen minute intervals. The gauging station was located between sites AC3 
and AC2, and can be seen in Figure 3.1. Antecedent Dry Hours indicate the number of 
hours having passed from the previous rainfall to the beginning of rainfall for wet 
weather and to the collection of the first sample for dry weather. Cumulative Precipitation 
is the sum of all precipitation as reported at the USGS gaging station for the rainfall event. 
Max Gage Height and Peak Flow for wet weather were the single maximum values as 
recorded during the rainfall event and for dry weather were the values given at the time of 
Sampling 
Event 
(code)¹ 
Sampling 
Date 
Antecedent 
Dry Hours 
Cum. 
Precip. 
(in) 
Max Gage 
Height  
(ft) 
Peak Flow 
(cfs) 
DW1 8/5/13 79 - 3.96 12 
DW2 9/24/13 113 - 3.33 0.22 
DW3 11/14/13 229  - 3.95 13 
DW4 6/11/14 96 - 3.76 6.1 
WW1 9/15/13 74 0.18 4.89 90 
WW2 10/30/13 24 0.11 3.96 17 
WW3 7/7/14 65 0.34 5.09 108 
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sampling at site AC2 (nearest to the gaging station). Additional site specific precipitation 
values and climactic data can be found in Appendix E. 
To assess the consistency of sample collection between events and confirm the 
stage of each sampling sub-event (i.e. first flush, peak flow, receding limb), an analysis 
was conducted to estimate the quantity and percent of total event runoff having passed 
site AC2 at each sampling sub-event. Flow data from the USGS Antelope Creek at 27th 
Street gauging station was used with midpoint integration to estimate the event 
cumulative flow. The volume and percent of total volume passed at each sampling stage 
are shown in Table 3.3. Further explanation of the method, figures, and raw data are 
given in Appendix E. Note for Wet Weather 2, only receding limb samples were 
collected due to a reduced sampling team.  
Table 3.3 Estimate of Flow Having Passed Site AC2 at Each Sampling Sub-Event 
  
% of Total Vol. Passed Vol. Passed (cfs) 
Event 
Code¹ 
Event Cum. 
Precip. (in) FF² PF RL FF PF RL 
WW1 0.18 22% 65% 81% 99,900 293,400 367,200 
WW2 0.11 - - 71% - - 67,599 
WW3 0.34 30% 60% 100% 157,770 316,770 531,240 
¹ WW= Wet Weather Event 
² FF= First Flush, PF=Peak Flow, RL=Receding Limb 
3.3.3 Sediment Sampling 
Sediment samples were collected from the streambed at the same location and 
time as the dry weather water samples. Sediment samples were collected in sterile 25mL 
centrifuge tubes (VWR), transported on ice, and stored at -20˚C. Samples were collected 
to determine if bed sediment was a major source of bacteria in wet weather due to re-
suspension or a source in dry weather from microbial interchange (Goto and Yan, 2011, 
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Byappanahalli et al., 2003). Sediment samples were tested for moisture content (ASTM 
D 2216-05), E. coli quantification (IDEXX Colilert) and microbial source tracking. 
3.3.4 Scat Sampling 
In 2013 and 2014, fecal samples (n=56) were collected from droppings found 
within the Antelope Creek watershed or from species known to frequent the watershed, 
including pigeons (n=5), swallows (n=9), unidentified birds (n=3), ducks (n=6), geese 
(n=12), small mammals (n=10), dogs (n=4), and horses (n=4). Three 24-hour composite 
sanitary wastewater samples (n=3) were collected at one-week intervals during the 
summer of 2013 from the local wastewater treatment plant influent.  
3.4 DNA Extraction and E. coli Testing  
3.4.1 E. coli Water and Sediment Enumeration 
E. coli colonies were obtained from water and sediment samples in duplicate 
using the IDEXX Colilert QuantiTray 2000 method (Westbrook, ME). All water samples 
were tested at a local WWTP facility for quality assurance. Dry weather samples were 
tested in duplicate at a 1:100 dilution and wet weather samples in duplicate at 1:100 and 
1:1,000 dilutions and reported in colony forming units (CFU) per 100mL. Sediment        
E. coli quantification was determined using the IDEXX Colilert QuantiTray 2000 
(Byappanahalli et al., 2003). Moisture content was obtained for all sediment samples 
collected using the ASTM Standard 2216-05 and was used to report E. coli in CFU per 
gram of dry weight sediment.  
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3.4.2 Fecal and Environmental DNA Extraction 
DNA was extracted from all dry weather water samples (n=16), wet weather 
water samples (n=38), sediment samples (n=16), and scat samples (n=56) using the 
MoBio PowerSoil® DNA Isolation Kit (Carlsbad, CA) according to the manufacturer’s 
instructions except that two 40-second bead-beating phases were used followed by 5 
minutes on ice (BioSpec, OK). Final elution volume was 100µL. Before extraction, all 
water samples were filtered (between 25 and 500mL before clogging) through 0.45µm 
nitrocellulose filters (Billerica, MA) and inserted into DNA extraction tubes for 
processing (Eichmiller et al., 2013). DNA extracts were purified using the ZYMO 
OneStep™ PCR Inhibitor Removal Kit (Irvine, CA) and quantified using NanoDrop 
2000c (Thermo Scientific). 
3.5 PCR and 16S rRNA Gene Sequencing 
3.5.1 PCR amplification/Gel Electrophoresis Quality Check 
To ensure the DNA quality before sequencing, a polymerase chain reaction (PCR) 
was run using the 27F-1492R universal bacterial primer (Invitrogen LifeSciences) 
(Weisburg et al., 1991). The reaction mixture consisted of a final concentration of 
deoxynucleoside triphosphates at 0.2 mM; primers at 0.5 µM each, 2.5 mM MgCl2, 0.625 
U of Ex Taq DNA polymerase, 1x PCR buffer (Ex Taq) and 1uL of template DNA (5-
50ng/uL) for a final volume of 25uL(TaKaRa Mirus Bio, Madison, WI). Reactions were 
run on a Mastercycler realplex2 (Eppendorf) with a program consisting 12 minutes of 
initial denaturation at 94 °C and 27 cycles of 1 min at 94°C, 45 s at 50°C, 2 min at 72°C, 
23 
 
 
 
and the final extension for 12 min at 72°C. The sizes of the PCR products were assessed 
using a 2% agarose gel (Gel XL Ultra V-2, Labnet).  
3.5.2 Illumina Sequencing 
Genomic DNA extracted from fecal and environmental samples was amplified 
using an 8 nucleotide PCR primer set targeting the V4 region (515F/806R) of the 16S 
rRNA gene at Argonne National Laboratory in Chicago (Caporaso et al., 2012). The 
complete reagent recipe and thermocycler conditions can be found at 
(http://www.earthmicrobiome.org/emp-standard-protocols/16S/).  
3.6 Quality Trimming, Taxonomic Assignments and OTU Clustering 
3.6.1 Bioinformatic Analysis 
Bioinformatic analysis was performed using QIIME v1.8 (Quantitative Insights 
Into Microbial Ecology)(qiime.org), an open source software package for high-
throughput sequencing data. Sequence data were processed and analyzed using the Fastq-
Join program (http://code.google.com/p/ea-utils/wiki/FastqJoin) and aligned using 
PyNAST (Caporaso et al., 2010). Forward and reverse reads were paired and merged 
sequences were binned according to barcode sequence. Chimeric sequences were 
identified and removed from the raw demultiplexed reads using Usearch6.1.  
Quality filtering was run on the raw reads including a Phred quality score of 3, a 
minimum number of consecutive high-quality base calls to include a read (per single end 
read) of 0.75 total read length. A maximum of 3 consecutive low-quality calls and zero 
ambiguous calls were allowed (Bokulich et al., 2013). 
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Sequence reads were assigned to operational taxonomic units (OTUs) using a de-
novo OTU picking protocol in QIIME which compares and assigns the sequences based 
on the Greengenes database(v13_8)(DeSantis et al., 2006) with 97% sequence similarity 
using the UCLUST algorithm (Edgar et al. 2010) and assigning taxonomy using the RDP 
classifier (Wang et al., 2007). Reads not matching a reference sequence at 97% similarity 
were discarded. A conservative OTU threshold was chosen, filtering out sequences less 
than 0.005% of the total sequence count (Bokulich et al., 2013). 
Samples were rarefied, or subsampled, to 60,000 sequences per library by random 
sampling (without replacement) and repicked to obtain 99.5% coverage. Samples having 
lower than 60,000 sequences per sample were excluded from downstream analyses.  
3.7 QIIME Statistical Analysis 
Statistical differences within the microbial communities for each sample group 
were examined using ADONIS, a PERNOVA (Permutational Multivariate Analysis of 
Variance Using Distance Matrices)(McArdle and Anderson, 2001) analysis, using 999 
permutations (Oksanen, 2011, Hamady et al., 2010). R2 and p-values were computed 
representing the percentage of variation explained by grouping category and the 
statistical significance, respectively. The results were used to group samples for analysis, 
for reporting purposes, and to assess factors influencing microbial trends. The samples 
for dry weather water, wet weather water, and dry weather sediment were grouped 
according to event and site and ADONIS was run to assess the statistical differences 
between groups for both grouping methods. For Wet Weather 1 and Wet Weather 3, the 
samples were also grouped according to sub-event and ADONIS was run to assess the 
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statistical differences between the three sub-events. Statistical analyses were run using 
both the whole community and Bacteroidetes rarefied libraries (60,000 and 2,500 
respectively). 
3.7.1 Alpha and Beta Diversity 
Qualitative species richness was estimated using Chao1, and quantitative species 
richness was estimated using the nonparametric Shannon Index, observed species, and 
phylogenetic diversity whole tree metrics. The principal coordinate analyses (PCoA) β-
diversity plots were created using a rarefied weighted UniFrac (Hamady et al., 2010) to 
analyze OTU divergence.  
3.7.2 Bacteroidetes Analysis 
The Bacteroidetes phylum was examined to identify potential sources of fecal 
contamination to dry and wet weather flows. For each sample all OTUs were classified 
by phylum and OTUs belonging to the Bacteroidetes phylum were extracted. These sub-
sampled libraries were rarefied to 460 sequences per library. The rarefaction depth was 
chosen so as to retain a minimum of three representatives from each fecal host group 
(excluding swallows which were altogether low in Bacteroidetes). Samples containing 
fewer than 460 sequences per sample were excluded from further Bacteroidetes analysis. 
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3.8 Results and Discussion 
3.8.1 E. coli Results 
 Average E. coli levels from dry weather and wet weather sampling events are 
presented in the following tables. The reported values are averages of sample duplicates 
diluted at 1:1000 for wet weather and 1:100 for dry weather. Note that AC4 is the 
upstream-most site and AC1 is the downstream-most site.  
For the Dry Weather water samples, shown in Table 3.4, the E. coli values were 
highly variable by site and event, with the lowest values at each site those from Dry 
Weather 4. In all but one event, site AC4, the upstream-most site, had the lowest E. coli 
of all sites from that event.  
Table 3.4 Average Dry Weather Water E. coli (cfu/100mL)  
Event Date AC1 AC2 AC3 AC4 
Dry Weather 1 8/5/13 816 689 15,924 577 
Dry Weather 2 9/24/13 1,462 1,336 1,790 5,921 
Dry Weather 3 11/14/13 7,749 1,528 633 100 
Dry Weather 4 6/11/14 475 585 360 <100 
 
Low E. coli levels at AC4 suggest Holmes Lake, the upstream-most source, is not 
a major contributor of E. coli as previously reported (EA Engineering, 2012). No site 
showed consistent elevated levels relative to other sites, suggesting that elevated E. coli 
levels in dry weather are not due to location-specific continuous point sources. 
E. coli levels in wet weather flows, listed in Table 3.5, are on average an order of 
magnitude higher (104) than dry weather flows (102 -103) and show variability by site and 
event. Higher levels of E. coli were reported for Wet Weather 3 than Wet Weather 1 at 
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each stage (n=3): a 21 ±44% increase for First Flush, an 80±8% increase for Peak Flow, 
and a 61±19% increase for Receding Limb.   
Table 3.5 Average Wet Weather Water E. coli (cfu/100mL) 
Event Date Year Sub-Event AC1 AC2 AC3 AC4 
Wet Weather 1 9/15 2013 First Flush 53,390 74,855 117,295 61,410 
Wet Weather 1 9/15 2013 Peak Flow 62,210 26,950 7,705 12,980 
Wet Weather 1 9/15 2013 Receding Limb 25,525 30,065 30,255 8,615 
Wet Weather 2 10/30 2013 Receding Limb1 52,027 25,526 19,767 7,230 
Wet Weather 3 7/7 2014 First Flush  -2 198,630 94,080 81,640 
Wet Weather 3 7/7 2014 Peak Flow - 92,080 46,110 86,640 
Wet Weather 3 7/7 2014 Receding Limb - 51,720 77,010 41,060 
 1 Note that for Wet Weather 2 only Receding Limb samples were collected 
 2 A dash (-) indicates no samples were taken for this site and event  
Variability in E. coli between wet weather events may be attributed to the amount 
of rainfall (WW1=0.18”, WW3=0.34”), sample timing differences, or a combination of 
climactic and seasonal variables. The absence of a consistent wet weather site with high 
E. coli counts relative to other sites suggests that the elevated E. coli levels are not likely 
the result of major, consistent, point source contributions.  
For Dry Weather sediment samples, presented in Table 3.6, three of the four dry 
weather sampling events at site AC1 had the highest E. coli levels.  The visual 
appearance and physical composition of the soil at site AC1 was distinct from all other 
sites as the sediment was siltier with a finer grade than that found at other sites. The 
sediment at AC1 also had the highest moisture content of all sites for each event and 
sediment moisture has been shown to be significantly correlated with E. coli counts 
(Byappanahalli et al., 2003).  
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Table 3.6 Average Dry Weather Sediment E. coli (cfu/g dry weight) 
Event  Date Year AC1 AC2 AC3 AC4 
Dry Weather 1 8/5 2013 1,317,672 16,947 17,148 3,836 
Dry Weather 2 9/24 2013 27,967 107,659 5,172 1,872 
Dry Weather 3 11/14 2013 11,768 1,353 5,509 1,409 
Dry Weather 4 6/11 2014 33,633 4,507 689 743 
 
An increasing downstream trend of higher E. coli concentrations is seen for dry 
and wet weather water samples and dry weather sediment samples: a trend which is not 
uncommon (Byappanahalli et al., 2003). For wet weather this may be a result of the 
increasing percent of impervious land cover downstream, or may indicate that multiple 
diffuse sources along Antelope Creek are present and compound in wet weather flows. 
3.8.2 Microbial Source Tracking Entire Community Results 
A total of 17,696,479 sequencing reads representing 1,639 unique OTUs were 
obtained from the fecal and environmental samples post quality filtering. The average 
number of sequences per sample was 126,332.  
Using ADONIS, the statistical significance of site- and event-based groupings 
was evaluated for all dry weather water, wet weather water, and sediment samples. The 
statistical significance of sub-event based groupings (first flush, peak flow, receding limb) 
was also evaluated for both Wet Weather 1 and Wet Weather 3. With a p-value of less 
than 0.05, the sample differences by grouping were taken to be statistically significant, 
and the R2 value indicated the percentage of variation explained by the grouping method. 
Table 3.7 documents the results from the ADONIS analyses.  
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The following significance codes are used: 
 ‘***’ 0.000< p<0.001 
 ‘**’ 0.001< p<0.010 
 ‘*’ 0.010< p<0.050 
 ‘-’ 0.050< p<0.100 
Table 3.7 ADONIS Statistical Significance of Sample Groupings 
Sample Type Samples Included Grouping R2 p  
DRY WEATHER  Events: DW1-4  Sites: AC:1-4 
EVENT 0.717 0.001 *** 
SITE 0.077 0.993   
WET 
WEATHER  
 Events¹: WW1-3 (RL) 
Sites: AC1-4 
EVENT  0.385 0.054 - 
SITE 0.421 0.139   
Event: WW1                 
Sites: AC1-4 
Sub-Event²: FF,PF,RL 0.364 0.050 * 
SITE 0.312 0.284   
Event: WW3              
Sites: AC1-4 
Sub-Event²: FF,PF,RL 0.403 0.089  - 
SITE 0.170 0.805   
SEDIMENT  Events: DW1-4  Sites: AC1-4 
EVENT 0.232 0.084 - 
SITE 0.595 0.002 ** 
¹ For the multi-event Wet Weather Water event and site groupings only Receding Limb samples were used  
² FF = First Flush, PF = Peak Flow, RL = Receding Limb 
Results in Table 3.7 show that grouping based on sampling event (DW1, DW2, 
DW3, DW4) for dry weather water samples was significant (R2=0.717, p=0.001) as was 
the grouping based on sampling event (WW1, WW2, WW3) for wet weather water 
samples (R2=0.385, p=0.054). No statistically significant differences were seen for dry or 
wet weather water samples when grouped according to site (AC1, AC2, AC3, AC4). The 
groups of sediment samples from all dry weather events by site (AC1, AC2, AC3, AC4) 
were significantly different (R2=0.595, p=0.002), but were not when grouped by 
sampling event. Marginally significant differences were found between the three stages 
for Wet Weather 1 (R2=0.364, p=0.050) and Wet Weather 3, (R2=0.403, p=0.089).  
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From the ADONIS statistical analysis, temporal differences were found to have a 
greater influence on microbial community than spatial differences for both dry and wet 
weather water samples. This may indicate that variations due to temperature, seasonal 
inflow sources, or other climatic and hydrological conditions have a significant influence 
on microbial communities in Antelope Creek. This is consistent to results from similar 
studies focusing on E. coli in other urban streams (Hathaway et al., 2009, McCarthy et al., 
2012). For sediment samples, site-based spatial differences were found to have a greater 
influence on the microbial community than temporal variation.  Site-specific 
characteristics such as sediment structure, sunlight exposure, or hydrological features 
may be primary influences in sediment microbial composition (Byappanahalli et al., 
2003).  
For the wet weather sub-event analysis, differences between first flush, peak flow, 
and receding limb were marginally significant. The decrease in significance for Wet 
Weather 3 may be due to the increased storm intensity and total precipitation of the event 
causing quicker flushing of impervious surfaces and more in-stream mixing.  
Figure 3.2 summarizes the relative abundance of different phyla in various 
samples. Based on the ADONIS analysis, for wet weather, receding limb water samples 
from all sites were averaged for each event (WW1: n=4, WW2: n=4, WW3: n=3). 
Similarly, for dry weather, water samples from all sites were averaged for each event 
(n=4 for each DW date composite). For dry weather sediment, all sediment samples from 
different events were averaged for each location (n=4 for each DW site composite). A 
minimum of three scat samples per species and sanitary sewer samples were included in 
the analyses.  
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Figure 3.2 Relative Abundance of Phyla in each Sample Group 
* Average of multiple events (i.e. DW1,DW2,DW3,DW4) 
° Average of multiple sites (i.e. AC1,AC2,AC3,AC4) 
The predominant phyla for scat samples were Proteobacteria, Firmicutes, 
Bacteroidetes and Acintobacteria, which is consistent with similar studies (Lee et al., 
2011, Unno et al., 2010). The relative abundance of Firmicutes ranged between 20% and 
65% in scat samples, and between 0% to 2% in water and sediment samples. The phylum 
Bacteroidetes was present in all samples. Cyanobacteria, commonly referred to as blue-
green algae, was seen predominately in dry weather samples with some presence in 
upstream sediment samples. It is known that bacteria from this group originate in Holmes 
Lake (unpublished data). 
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The α-diversity metric results, including Chao1, observed species, Shannon Index 
and PD whole tree, are presented in Appendix F. The α-diversity indices showed 
sediment having the greatest species richness of the environmental samples, followed by 
wet weather water, and finally dry weather water. For example, the Shannon index for the 
sediment samples ranged from 6.80 to 7.22, while the Shannon index ranged from 4.24 to 
6.14 for dry weather water samples and 5.12 to  6.88 for wet weather water samples.   
β-diversity was performed using the UniFrac method which uses phylogenetic 
information and multivariate statistical techniques to determine whether microbial 
communities are significantly different. The UniFrac metric analyzes the distance 
between the communities as a percentage of the branch length leading to descendants 
from a pair of environments in a phylogenetic tree. Thus, the metric examines not only 
the number of shared taxa, but also the evolutionary divergence between taxa, reflecting 
differences between bacterial lineages adapted to live specifically in one environment 
over another (Hamady et al., 2010). The UniFrac metric is often used to cluster different 
environments according to shared similarities in community composition (Lozupone and 
Knight, 2005). The UniFrac results are viewed using principal coordinate ordination 
analysis (PCoA), a distance matrix is created based on the dissimilarity of samples 
according to the aforementioned method. The principle coordinates, the x- and y-axes as 
shown in Figure 3.3, are the dominant vectors used to visualize this distance matrix. They 
accordingly are assigned percentages indicating the amount of variation within the 
samples which can be accounted for on the given axis.  
The multivariative PCoA analysis shows clustering by sample type (R2=0.224, 
p=0.001), with the first and second principal coordinates explaining 29.6% and 25.4% of 
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the total variation, respectively as shown in Figure 3.3. In a PCoA, the distance between 
samples or sample groups indicates the degree to which they are related.  
 
Figure 3.3 PCoA Analysis Showing Clustering for Entire Microbial Community 
Based on Sample Type (60,000 seq/sample) 
The sediment samples are tightly clustered and do not overlap with the dry or wet 
weather water sample clusters. Each cluster (DW, WW, Sed) contains samples from all 
sites and events of that sample type.  The lack of overlap between the sediment cluster 
and wet weather water cluster suggests that the two groups have distinctive microbial 
communities.  The fact that none of the clusters substantially overlap with the other 
clusters suggest neither sediment nor dry weather water was the major source of the 
microbes in the creek during wet weather events. 
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3.8.3 Microbial Source Tracking Bacteroidetes Community Analysis 
The Bacteroidetes phylum was further examined among environmental and fecal 
samples due to its relevance to fecal contamination. The relative abundance of 
Bacteroidetes in each sample group can be seen in Figure 3.2. Bacteroidetes contributed 
between 10% and 25% of the overall microbial community in sediment and dry weather 
samples and between 5% and 43% of scat samples. Swallow scat samples were found to 
have a very low relative abundance of Bacteroidetes and were excluded from further 
analysis. Some studies have documented low levels (1-10% of total community) of 
Bacteroidetes in avian fecal microbial communities (Lu et al., 2008) 
A multivariative PCoA cluster analysis was performed using the Bacteroidetes 
phyla from environmental and scat samples as shown in Figure 3.4. The first principal 
coordinate accounts for 30.2% of the variation between samples and shows 
differentiation between environmental and scat samples. The secondary axis accounts for 
12.3% of the variation and demonstrates the difference between environmental samples.  
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Figure 3.4 Multivariative PCoA Analysis for Bacteroidetes (460 seq/sample) 
ADONIS results show distinctive clustering based on sample type (WW, DW, 
Sed, Scat)(R2=0.292, p=0.001) and scat species grouping based on animal species when 
analyzed in comparison to other fecal samples (R2=0.494, p=0.001). The fecal samples 
grouped into “small mammals” contain three main suspected species groups (raccoon, 
possum, and cat). The cluster analysis shows the greatest distance between source and 
environment samples for the species of horse, goose, sanitary sewage, and dog (Figure 
3.4). It should be noted that geese differ from other birds because of their unique diet and 
digestive system. A study has shown due to their high-fiber plant-based diet, foraging 
behaviors, and unique digestive tract, the microbial groups present in geese feces differ 
from other bird species (Dubinsky et al., 2012). Of the source samples, the samples from 
Wet Weather Water 
 
Dry 
Weather  
Water 
Dry Weather Sediment 
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the species of small mammal, duck, and pigeons are the closest to the environmental 
samples (Figure 3.4).  
The ADONIS statistical analyses performed using the whole microbial 
community were also performed using the Bacteroidetes phylum and are presented in 
Table 3.8. For dry weather water samples, grouping based on event was statistically 
significant (R2=0.709, p=0.001). A similar trend was observed for wet weather water 
samples (R2=0.412, p=0.011). Both dry and wet weather water Bacteroidetes results were 
consistent with the overall community ADONIS results presented in Table 3.7. For 
sediment, different from the results based on the overall community (Table 3.7), the 
grouping based on event was statistically significant (R2=0.375, p=0.008) while the 
grouping based on site was less significant (R2=0.281, p=0.108).  
Table 3.8 ADONIS Statistical Significance of Sample Groupings with Bacteroidetes 
Sample Type Samples Included Grouping R2 p '
DRY 
WEATHER  
Events: DW1-4  
Sites: AC:1-4 
EVENT 0.709 0.001 ***!
SITE 0.088 0.991 !!
WET 
WEATHER  
 Events¹: WW1-3 (RL) 
Sites: AC:1-4 
EVENT 0.412 0.011 *!
SITE 0.299 0.49 !!
Event: WW1                 
Sites: AC:1-4 
Sub-Event²: FF,PF,RL 0.305 0.094 "!
SITE 0.262 0.493 !!
Event: WW3              
Sites: AC:1-4 
Sub-Event²: FF,PF,RL 0.453 0.072 "!
SITE 0.195 0.649 !!
SEDIMENT  Events: DW1-4  Sites: AC:1-4 
EVENT 0.375 0.008 **!
SITE 0.281 0.108 !!
¹ For the multi-event Wet Weather Water event and site groupings only Receding Limb samples were used  
² FF = First Flush, PF = Peak Flow, RL = Receding Limb 
No statistical difference was found between the bacterial communities in dry 
weather water or wet weather receding limb water samples based on sampling location 
(AC1, AC2, AC3, AC4) for the overall or Bacteroidetes analyses. This may indicate that 
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environmental or source variations due to spatial changes within the studied area do not 
have a major role in the shifts in the bacterial community within this portion of Antelope 
Creek. It may also indicate that based on in-stream sampling methods, no water samples 
from a segment along Antelope Creek or subwatershed had a sufficiently unique bacterial 
signature compared to other locations. 
A possible explanation for the differences in statistical trends seen in sediment 
overall community and Bacteroidetes groups (i.e. Site for overall bacterial community 
and Event for Bacteroidetes community) is the elimination of some bacterial groups (i.e. 
Cyanobacteria) in the Bacteroidetes analysis, which may diminish the spatial differences 
as noted before and reveal the event based microbial differences particularly with respect 
to fecal Bacteroidetes groups. A possible explanation for the temporal variation in water 
and sediment Bacteroidetes communities may be that environmental and source changes 
throughout the recreational season contribute to shifts in the bacterial community in 
Antelope Creek. Examples of fecal source changes could be variation in density or type 
of animals within the watershed due to seasonal migration or reproduction of animal 
species (e.g. nesting of birds under bridges), which were both observed along Antelope 
Creek. Variation from environmental changes may include, temperature and sunlight 
changes impacting the survival of fecal indicators in the environment or domestic lawn 
irrigation, mainly in June-August, producing runoff containing fecal matter from 
domestic pet waste.  
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Chapter 4: Conclusions and Recommendations 
4.1 Conclusions 
The bacterial load in Antelope Creek was examined during dry and wet weather 
flows using microbial source tracking and E. coli quantification to elucidate sources of 
bacterial contamination to the creek. Water and sediment samples from four dry weather 
events and water samples from thee stages of two wet weather events were collected and 
analyzed over the 2013-2014 recreational seasons. The bacterial communities within the 
samples were identified using the sequenced V4 region of the prokaryotic 16S rRNA 
gene and compared using whole-community and phylm level Bacteroidetes analyses. 
From this research, the following conclusions were made: 
• No locations with consistently elevated E. coli relative to other locations were 
found in dry weather flows, suggesting that elevated E. coli levels in dry weather 
are not due to location specific point sources. Holmes Lake, the most upstream 
source is not suspected as a major contributor of E. coli.  
• E. coli levels in wet weather are on average one to two orders of magnitude higher 
(104) than dry weather (102 -103). The absence of a consistent location in wet 
weather with higher E. coli counts relative to other upstream sites suggests that 
the elevated E. coli levels in wet weather flows are not likely a result of a single 
major point source contribution. 
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• Dry weather water, wet weather water, and sediment samples from Antelope 
Creek each contain unique microbial communities. Thus, bed sediment does not 
appear to be a major source of bacteria in wet weather flows from resuspension. 
• Statistical differences were seen in the water overall bacterial community and 
Bacteroidetes community by sampling date for both dry and wet weather water 
receding limb samples. This may indicate that environmental or source changes 
throughout the recreational season (e.g. temperature, sunlight, seasonal animal 
migration) contribute to shifts in the bacterial community in Antelope Creek.  
• No statistical difference was found between the bacterial communities in dry 
weather water or wet weather receding limb water samples based on sampling 
location (AC1-AC4). This was also the case for Bacteroidetes and may indicate 
that environmental or source variation due to spatial changes within the studied 
area do not have a major role in the shifts in the bacterial community within this 
portion of Antelope Creek. It may also indicate that based on in-stream sampling 
methods, water from a segment along Antelope Creek, or subwatershed did not 
have a unique bacterial signature when compared to water at other locations. 
• The bacterial communities in fecal matter from horses, geese, dogs and sanitary 
sewage were farthest from that found in water samples from Antelope Creek. 
Small mammals inhabiting storm drains (e.g. raccoons, possums, cats), ducks, and 
pigeons birds have microbial communities closer to that found in Antelope Creek 
water and may be sources of bacteria to the creek in dry and wet weather flows. 
 
40 
 
 
 
4.2 Recommendations for Future Research 
As this work is a part of an ongoing research project the following are suggested 
as areas where additional work may provide greater insight or confirm findings presented 
in this thesis. The recommendations are divided into two sections: additional analyses to 
be carried out given the current sequencing data and collected samples, and additional 
sample collection and analyses.  
4.2.1 Additional Analyses with the Current Samples 
• A community analysis on the bacterial phyla Firmicutes, such as that done on 
Bacteroidetes in this research, could be done to confirm and strengthen the 
presented findings. Firmicutes was one of the dominant phyla in the collected 
scat samples (20-65%) and has been suggested as a useful microbiological target 
for microbial source tracking (Lee et al., 2011, Unno et al., 2010). Firmicutes and 
Bacteroidetes phyla combined account for > 98% of all 16S rRNA sequences 
detected in the gut microbiota of mammals (Ley, et al., 2006). 
• Host-specific bacterial markers could be used to confirm the presence or absence 
of fecal contribution from certain host species. For example, human marker such 
as the human-specific Bacteroides marker (Bernhard and Field, 2000a) or 
Bacteroidales marker (Shanks et al., 2006) could be used to confirm the absence 
of sanitary sewage contribution during wet and dry weather flows. To confirm the 
sensitivity of such markers, water samples, or a location along the creek could be 
spiked with a known source and tested at various time or distance intervals such 
as done by Tambalo et al. (2012).  
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• It is unclear if examining environmental and fecal samples at the Bacteroidetes 
phylum level provides sufficient specificity to confirm or eliminate fecal 
contamination sources. A similar approach using multiple indicators may be 
possible given the current data set. Identifying and grouping shared fecal-
exclusive bacterial groups (markers) from the literature (i.e. Bacteroidales, 
Bacteroides), grouping them, and running similar multivariative analyses may be 
possible and give a greater understanding of the fecal contributors to Antelope 
Creek. Or slightly different, identifying and searching for host-specific OTUs 
(source identifier taxa) as done by Dubinsky et al. may provide a unique approach 
to determining fecal sources (Dubinsky et al., 2012). 
4.2.2 Additional Sample Collection & Analyses 
• For wet weather sampling, collecting multiple wet weather events where runoff 
from subwatersheds is collected before the flow enters the main channel of 
Antelope Creek. This sampling method may be able to add three elements to the 
current data: first, enumerative E. coli values could be compared to in-stream 
levels to assess if and to what degree in-stream ‘naturalized’ E. coli contributes to 
elevated wet weather FIB levels or if particular subwatersheds contribute more E. 
coli than others; secondly, the bacterial signature from the runoff of these 
subwatersheds could be compared to the bacterial communities found in-stream to 
identify some naturalized or environmental bacteria; and lastly, the bacterial 
communities from these subwatersheds could be compared against one another to 
determine if there is a unique bacterial signature from each area, and if it can be 
explained by characteristics such as land use or percent impervious cover.  
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This sampling approach may help isolate or minimize the impact of in-stream 
bacterial groups and detect more subtle bacterial sources without upstream 
interference.  
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Appendix A :  SITE INFORMATION 
A.1 Watersheds in Lincoln Nebraska 
The watersheds in or crossing Lincoln city limits are shown in figure A.1.1 where the 
Antelope Creek watershed is central. For this figure, the Holmes Lake watershed is 
identified as separate from the Antelope Creek watershed as is often done for planning 
purposes. However, the state defined Antelope Creek watershed includes the Holmes 
Lake watershed.  
 
Figure A.1.1 Watersheds in Lincoln, Nebraska 
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A.2 Photos of Antelope Creek & Sampling Materials 
Antelope Creek along the majority of the study area is a concrete lined open channel with 
intermittent sediment deposits as shown in Figure A.2.1.  
 
Figure A.2.1 Antelope Creek in Dry (left) and Wet (right) weather at site AC2  
 
Between site AC1 and AC2 the channel transitions into an earthen channel with plant 
growth as seen in Figure A.2.2. Directly downstream of site AC1 is a labyrinth weir 
which acts as a low water dam and creates some ponding at and around site AC1.   
 
Figure A.2.2 Antelope Creek in Dry (left) and Wet (right) weather from site AC1  
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A.3 Sampling Site Information & Selection Justification 
The sampling sites, a brief description of their location, and justification for their 
selection are given in Table A.3.1. 
Table A.3.1 Description of Sampling Locations and Justification for Selection 
Site Code Brief Location Description! Justification for Selection!
AC1 
Walking Bridge over standing water 
approximately 100 feet south of 
labyrinth weir 
At end of stretch of Antelope Creek 
where higher E. coli variability has 
been observed 
AC2 Randolph Bridge 
(location of USGS Gaging Station) 
Above backwater above labyrinth 
weir, where waterfowl are observed 
AC3 27th Street Bridge Transition to older neighborhood, possible unique point sources above. 
AC4 40th Street Bridge 
Where Memorial Park Tributary 
Enters Antelope Creek, 48% of study 
area 
 
The land uses within the watershed and site-exclusive subbasins were obtained 
using ArcMap. The GIS data for culverts, mains, manholes, and inlets for the city of 
Lincoln was obtained from Lincoln CEIS. This data was overlaid on top of the delineated 
watersheds and whenever deemed to be necessary, the watersheds were modified to 
incorporate the changes in flow pattern due to these structures. The land use, zoning, 
street, and streams data was obtained from City of Lincoln and Lancaster County 
Geographic Information Systems website (Lincoln and Lancaster County, 2014). These 
data were analyzed in conjunction with the watershed polygons using tools under the 
‘Geoprocessing’ menu to extract relevant areas and maps. The land use for each site-
exclusive sub-watershed is given in Table A.3.2 and shown in Figure A.3.1. 
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Table A.3.2 Land Use Data for Each Site-exclusive Watershed 
Land use Area (acres) 
AC1 AC2 AC3 AC4 Below AC1 
Holmes 
Lake 
Entire 
watershed 
Agriculture/Vacant  0.8% 0.3% 0.4% 0.6% 2.9% 7.4% 3.6% 
Commercial/Industrial 5.6% 3.3% 3.5% 4.5% 17.1% 3.9% 5.7% 
Natural water/Land 0% 0% 0% 0% 0% 3.3% 1.3% 
Parks 5.4% 9.4% 11.6% 15.1% 7.7% 26.0% 17.5% 
Public 14.9% 2.9% 5.3% 8.1% 27.62% 3.3% 8.1% 
Residential 42.0% 53.9% 55.9% 51.6% 17.04% 40.2% 43.1% 
Right of way 0.0% 0.1% 0.2% 0.2% 0.16% 0.0% 0.13% 
Roads 31.3% 30.3% 23.1% 19.9% 27% 16.0% 21.0% 
 
 
Figure A.3.1 Watershed and Associated Land Uses 
Land uses were categorized as pervious and impervious according to their land 
use and grouped according to the criteria in Table A.3.3. These groupings were used to 
identify percent pervious/impervious cover for each subwatershed.  
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Table A.3.3 Categorization of Pervious and Impervious Surfaces for Analysis 
LANDUSE 
CODE DESCRIPTION GROUPING 
11 Single Family (Detached) 
Residential 
Impervious 
12 Duplex 
13 Single Family Attached (Townhouse) 
14 Apartment (Multi Family Dwelling) 
15 Group Quarters 
16 Special Housing 
17 Mobile Homes (Including parks/courts) 
18 Bed & Breakfast 
21 Commercial 
Commercial/ 
Industrial 
22 Commercial with Residential Units Above 
23 Parking Lot 
24 Parking Garage 
31 Light Industrial 
32 Heavy Industrial 
33 Utility Facility 
34 Railroad 
35 Airports 
41 Public & Semi Public 
Public 
Pervious 
42 Educational Institution 
43 Churches, Synagogues and Temples 
44 Hospitals 
51 Park Land Note: Under Park Land 
Parks 52 Open Space 
53 Golf Courses 
61 Lakes 
Natural water/ 
Land 
62 Streams & Creeks 
63 Wetlands 
64 Environmental Preserve 
65 Forest/Woodland 
71 Public Right-of-Way Right of way 
72 Vacated Right-of-Way 
81 Agricultural Production (Crops & Tree Farms) 
Agriculture/ 
Vacant Land 
82 Agricultural Production (Livestock & Animal Feed Lots) 
83 Mining & Extraction 
84 Pasture/Grassland 
90 Vacant Land 
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Appendix B :  SAMPLING PROTOCOLS 
B.1 Dry Weather 
 Four dry weather events were sampled during the 2013 and 2014 sampling 
seasons. The dry weather events were scheduled to record the state of the stream before 
and after wet weather sampling events, and were collected on dates where a minimum of 
48 hours had passed since the last rainfall event. The sampling was done at base flow 
levels to provide a comparison of water quality and contaminant mass loadings between 
wet weather events.  Manual grab water samples were taken at each site near the center of 
the flow path. One-liter water samples were collected by hand in Nalgene bottles 
approximately 3 cm below the surface as shown in Figure B.1.1. Water for E. coli testing 
was collected in separate sterile 120mL IDEXX bottles (Westbrook, ME).  
Figure B.1.1 Dry Weather Sampling and Testing in Antelope Creek 
Sediment samples were collected from the top 2 cm of bed sediment below where 
water samples were collected. Sediment samples were collected using sterile 25mL 
centrifuge tubes (VWR), transported on ice, and stored at -20˚C. Sediment samples were 
tested for moisture content (ASTM D 2216-05), E. coli quantification (IDEXX Colilert) 
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and microbial source tracking. Dry weather water and sediment samples were collected 
within a two and a half hour period, transported on ice and refrigerated until testing.  
B.2 Wet Weather 
Pollutant loads in storm water runoff from Antelope Creek have been reported 
one to two orders of magnitude higher than dry weather conditions (EA Engineering, 
2012). The wet weather sampling was orchestrated so as to obtain samples from three 
stages of the hydrograph. The hypothesis for this sampling structure was to determine if 
and how the pollutant, E. coli loading, and bacterial source environments varied 
throughout the hydrograph.  
Three wet weather events were captured over the course of the 2013 and 2014 
sampling seasons. During wet weather events, samples were collected from bridges 
passing over Antelope Creek using weighted rope sampling devices, which can be seen in 
Figure B.2.1. Each weighted sampler housed a one-liter bottle and was submerged 
repeatedly near the center of the flow and used to fill other one-liter Nalgene bottles. All 
samples were collected from Antelope Creek, transported on ice, and refrigerated until 
testing. 
For the first and third wet weather events (WW1, WW3), discrete samples were 
taken at three stages during the storm capturing the first flush (FF), peak flow (PF) and 
receding limb (RL) as decided at site AC2. For the second storm (WW2), only receding 
limb samples were collected at all sites, due to a reduced sampling team. 
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Figure B.2.1 Wet Weather Rope Sampling Device 
For WW1 and WW3 the first flush was taken at the earliest point at which 
sampling was possible and all teams had arrived at their sampling sites (within 30 
minutes of rainfall beginning). The sampling team at AC2 observed previously installed 
stage markings on the channel to visually inspect when the flow was no longer rising to 
determine when the peak flow samples should be taken. The receding limb samples were 
taken simultaneously across sites when the water level had receded to roughly 1.5 ft deep. 
This was the minimum depth of sampling using the rope samplers and was thus chosen as 
the receding limb sampling criteria. For WW3, the receding limb samples were taken a 
roughly 30 minutes after the flow had returned to base flow conditions.    
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Appendix C :  ANALYSES PERFORMED 
Biological and chemical analyses were conducted following the methods reported in 
Table C.1.1 and are documented in a report to the City of Lincoln.  
Table C.1.1 Water Quality Test Performed 
Water Quality 
Parameter 
Testing 
Facility Standard Method 1 
Wet 
Weather 
Dry 
Weather 
Ammonia WWTP Standard Method 4500-NH3 
H 
x x 
Chloride UNL Hach Method 8113 x x 
Chlorine UNL Hach Method 8167 x x 
COD WWTP 5220 D x x 
Conductivity UNL Standard Method 2510 x x 
Copper, Total UNL Standard Method 3030 with 
AAS 
 x 
Fluoride UNL Hach Method 8029  x 
E. coli concentration UNL,WWTP Standard Method 9223 x x 
E. coli source tracking - MO-BIO PowerSoil DNA Kit x x 
 
Nitrate WWTP Standard Method 4500-NO3 
F 
x x 
Total Phosphorus WWTP Standard Method 4500-P H x x 
Total Soluble P WWTP 4500-P G (Filtered) x x 
pH UNL Standard Method 2550 x x 
Surfactants UNL Hach Method 8028 x x 
Total Suspended Solids UNL Standard Method 2540 x x 
Temperature UNL Standard Method 2550 x x 
TKN WWTP Standard Method 4500-Norg x x 
Turbidity UNL Standard Method 2130 x x 
1 Standard Methods For the Examination of Water and Wastewater, 22nd Ed. 2012  
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Appendix D :  SCAT SAMPLES AND ANIMAL SIGHTINGS 
A total of 26 fecal samples were collected along the Antelope Creek during the 
2013 sampling season between May and August. Three 24-hour composite sanitary 
wastewater samples were collected at one-week intervals from the local wastewater 
treatment plant influent. The samples were collected using sterile gloves and aseptically 
transferred to plastic bags. The samples were stored at -20˚C until further processing. The 
primary goals were to include fecal samples found in close proximity to the waterway 
and to have a representation of suspected animal contributors from the Antelope Creek 
watershed.  
In the 2014 sampling season, 29 additional scat samples were collected to 
supplement the 2013 fecal library primarily focusing on bird samples. It was discovered 
that many of the bird samples from the summer of 2013 had a low number of 
Bacteroidetes sequences; the suspected cause being the age and dryness of the fecal 
samples (Pohlon et al. 2013). Fresh bird fecal samples were added to the library in the 
summer of 2014 including duck, goose, swallow and pigeon. Horse samples were also 
added to the library. DNA sequencing was performed on each successfully amplified scat 
sample (a minimum of 3 for each species group). All small mammals (cat, rodent, 
raccoon, possum) were grouped. Swallow samples were sequenced but excluded from 
bacterial analyses due to low Bacteroidetes counts. The Antelope Creek waterway was 
walked three times between July-August of 2013, and species sighted along the channel 
were recorded.  
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Appendix E :  WET WEATHER EVENT DATA 
E.1 Precipitation Data  
Precipitation data was obtained from the High Plains Regional Climate Center 
(HPRCC) database. Three weather observation stations were selected from the database 
based on proximity to the sampling locations. The weather stations selected were        
10E 17N, 20E 35S and IANR. Site-specific precipitation and weather data was calculated 
using a three-station average with the Shepherd’s Method. A map of the weather stations 
and sampling sites can be seen in Figure E.1.1. A description of the Shepherd’s method 
and a table with site-specific climactic data for each wet weather event can be found 
below. 
 
Figure E.1.1 Locations of Weather Stations and USGS Gauging Station 
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Calculation of weighted average precipitation value using Shepard’s Method 
Precipitation values were averaged using the Shepard’s Method of inverse distance 
interpolation. The equation used is as follows: 
 
Where,  
 p = 2, an arbitrary positive number 2 is default 
 hi - is the distance from the scatter point to the interpolation point. 
A weighted average of the weather station precipitation values based on the distance from 
the monitoring site was calculated using data from three closest stations.  
P! = !h!"!!P!" + h!"!!P!" + h!"!!P!"h!"!! + h!"!! + h!"!!  
Where, 
 hn  is the distance from the weather station to the sampling site 
 Pn  is the precipitation recording from a weather station. 
 
The inverse distance for each of three weather stations was calculated as follows:  
 h!"# = !h!"!! = 1.7!! = 0.346 
Inverse distances from three Lincoln weather stations to sampling sites are shown in 
Table E.1.2. 
Table E.1.2 Inverse weightings for each of the stations for the six sites. 
Sampling site 
Weather Station Inverse Weighting (hn) 
10E 17N 20E 35S IANR 
AC1 0.346 0.271 0.139 
AC2 0.222 0.277 0.159 
AC3 0.118 0.266 0.142 
AC4 0.072 0.136 0.135 
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The weighted average equation for AC1 site is 
P!"# = !0.346!P!" + 0.271!P!" + 0.139!P!"#$0.757  
where, P!"# is the weighted average precipitation value used for the AC1 climatic dataset; 
P10 is the precipitation recording from the Lincoln 10E 17N weather station; P20 is the 
precipitation recording from the Lincoln 20E 35S weather station; and PIANR is the 
precipitation recording from the Lincoln IANR weather station.  
The weighted average equations for the sites AC2 – AC4 are as follows 
P!"# = !0.222!P!" + 0.277!P!" + 0.159!P!"#$0.658  
P!"# = !0.118P!" + 0.266P!" + 0.142P!"#$0.526  
P!"# = !0.072!P!" + 0.136!P!" + 0.135!P!"#$0.343  
The cumulative rainfall data for each site is provided in Table E.1.3. 
Table E.1.3 Cumulative Rainfall Values at Weather Stations for Wet Weather  
Event Date 
Cumulative station rainfall (in) 
P10 P20 PIANR 
WW1 9/15/2013 0.25 0.1 0.24 
WW2 10/30/2013 0.11 0.37 0.29 
WW3 7/7/2014 0.18 0.21 0.10 
 
64 
 
 
 
Precipitation values averaged using the Shepard’s Method were calculated for 
each site and each event using three stations datasets and can be found in Table E.1.4. 
Table E.1.4 Precipitation values at each site (3-station averages) 
Sampling 
Site 
Precipitation for Event (inches) 
WW1 WW2 WW3 
AC1 0.19 0.06 0.18 
AC2 0.18 0.06 0.17 
AC3 0.17 0.06 0.16 
AC4 0.19 0.06 0.16 
 
Other climactic conditions were calculated for the event using a 3-station average 
and are reported in Table E.1.5. 
Table E.1.5 Climactic Conditions for Wet Weather Events (3-station averages) 
Event 
Air Temp. 
(oF) at 4.9 
feet 
Soil Temp. 
(oF) 4 in 
depth 
Relative 
Humidity 
Wind 
Velocity, 
(m/hr) 
Average 
Intensity, 
(in/hr) 
Peak 
Intensity 
(in/hr) 
WW1- 9/15/2013 66.7 72.3 93.3% 2.6  0.09  0.12  
WW2 - 10/30/2013 45.5 52.2 99.6% 3.5  0.01  0.05  
WW3 - 7/7/2014 73.5 86.6 70.1% 4.2  0.06  0.11  
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E.2 Cumulative Flow at each Sampling Stage 
 For each wet weather event, in-stream flow data was obtained from a USGS inline 
flow meter “06803300 Antelope Creek at 27th Street” where discharge, gage height, and 
precipitation were recorded at 15-minute intervals. An analysis was performed using the 
flow data to estimate the percentage of total event flow having passed at each sub-event 
sampling. For the analysis, the event was defined as beginning fifteen minutes before 
rainfall registered (due to the fifteen minute data collection rate) and ending when the 
flow rate was equal to or less than pre-rainfall amounts. The percent of flow passed at 
each 15-minute interval was determined by midpoint integration, multiplying the time-
step by the flow rate and dividing the cumulative volume at each stage by the total event 
volume. The following tables and figures present this analysis.  
Figure E.2.1 Percent of Total Event Flow Analysis for Wet Weather 1 
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Table E.2.1 Percent of Total Event Flow Analysis for Wet Weather 1 
 
WW1 - 9/15/13 
Time Q (cfs) Δt (sec) Δt · Q (ft3) Σ(Δt · Q ) (ft3) % Flow Passed   
4:30 2 900 1,800   0%   
4:45 22 900 19,800 19,800 4%   
5:00 89 900 80,100 99,900 22% FF 
5:15 85 900 76,500 176,400 39%   
5:30 90 900 81,000 257,400 57%   
5:45 40 900 36,000 293,400 65% PF 
6:00 30 900 27,000 320,400 71%   
6:15 24 900 21,600 342,000 76%   
6:30 28 900 25,200 367,200 81% RL 
6:45 19 900 17,100 384,300 85%   
7:00 12 900 10,800 395,100 88%   
7:15 12 900 10,800 405,900 90%   
7:30 9.1 900 8,190 414,090 92%   
7:45 8.8 900 7,920 422,010 93%   
8:00 6.4 900 5,760 427,770 95%   
8:15 5.4 900 4,860 432,630 96%   
8:30 4.1 900 3,690 436,320 97%   
8:45 3.9 900 3,510 439,830 97%   
9:00 3.1 900 2,790 442,620 98%   
9:15 2.6 900 2,340 444,960 99%   
9:30 2.6 900 2,340 447,300 99%   
9:45 2.5 900 2,250 449,550 100% Back to pre-event Flow 
10:00 2.1 900 1,890 451,440 100%   
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Figure E.2.2 Percent of Total Event Flow Analysis for Wet Weather 2 
Table E.2.2 Percent of Total Event Flow Analysis for Wet Weather 2 
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WW2 - 10/30/13 
Time Q (cfs) Δt (sec) Δt · Q (ft3) Σ(Δt · Q ) (ft3) % Flow Passed   
8:00 0.31 900 279 0 0%   
8:15 0.31 900 279 279 0%   
8:30 5.8 900 5,220 5,499 6%   
8:45 10 900 9,000 14,499 15%   
9:00 17 900 15,300 29,799 31%   
9:15 14 900 12,600 42,399 44%   
9:30 8.1 900 7,290 49,689 52%   
9:45 5 900 4,500 54,189 57%   
10:00 4.6 900 4,140 58,329 61%   
10:15 2.4 900 2,160 60,489 63%   
10:30 2.2 900 1,980 62,469 66%   
10:45 1.7 900 1,530 63,999 67%   
11:00 1.4 900 1,260 65,259 68%   
11:15 1.4 900 1,260 66,519 70%   
11:30 1.2 900 1,080 67,599 71% RL 
11:45 1 900 900 68,499 72%   
12:00 1 900 900 69,399 73%   
12:15 1.3 900 1,170 70,569 74%   
12:30 1 900 900 71,469 75%   
12:45 1.1 900 990 72,459 76%   
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WW2 - 10/30/13 
Time Q (cfs) Δt (sec) Δt · Q (ft3) Σ(Δt · Q ) (ft3) % Flow Passed   
13:00 0.94 900 846 73,305 77%   
13:15 1.1 900 990 74,295 78%   
13:30   900 0 74,295 78%   
13:45   900 0 74,295 78%   
14:00   900 0 74,295 78%   
14:15   900 0 74,295 78%   
14:30   900 0 74,295 78%   
14:45   900 0 74,295 78%   
15:00   900 0 74,295 78%   
15:15 1.2 900 1,080 75,375 79%   
15:30   900 0 75,375 79%   
15:45 1.3 900 1,170 76,545 80%   
16:00 1.3 900 1,170 77,715 82%   
16:15   900 0 77,715 82%   
16:30 1.2 900 1,080 78,795 83%   
16:45 1.1 900 990 79,785 84%   
17:00 1 900 900 80,685 85%   
17:15 1 900 900 81,585 86%   
17:30 1 900 900 82,485 87%   
17:45   900 0 82,485 87%   
18:00 1.3 900 1,170 83,655 88%   
18:15 1.3 900 1,170 84,825 89%   
18:30 1.3 900 1,170 85,995 90%   
18:45   900 0 85,995 90%   
19:00 1.3 900 1,170 87,165 91%   
19:15 1.2 900 1,080 88,245 93%   
19:30 1.3 900 1,170 89,415 94%   
19:45 0.94 900 846 90,261 95%   
20:00   900 0 90,261 95%   
20:15 0.87 900 783 91,044 96%   
20:30   900 0 91,044 96%   
20:45   900 0 91,044 96%   
21:00 0.55 900 495 91,539 96%   
21:15 0.49 900 441 91,980 97%   
21:30 0.55 900 495 92,475 97%   
21:45   900 0 92,475 97%   
22:00 0.55 900 495 92,970 98%   
22:15 0.55 900 495 93,465 98%   
22:30   900 0 93,465 98%   
22:45 0.55 900 495 93,960 99%   
23:00 0.49 900 441 94,401 99%   
23:15 0.55 900 495 94,896 100% Back to pre-event Flow 
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Figure E.2.3 Percent of Total Event Flow Analysis for Wet Weather 3 
 
Table E.2.3 Percent of Total Event Flow Analysis for Wet Weather 3 
WW3 - 7/7/14 
Time Q (cfs) Δt (sec) Δt · Q (ft3) Σ(Δt · Q ) (ft3) % Flow Passed   
19:55 1.9 300 570 570 0%   
20:00 17 300 5,100 5,670 1%   
20:05 45 300 13,500 19,170 4%   
20:10 61 300 18,300 37,470 7%   
20:15 76 300 22,800 60,270 11%   
20:20 61 300 18,300 78,570 15%   
20:25 76 300 22,800 101,370 19%   
20:30 85 300 25,500 126,870 24%   
20:35 103 300 30,900 157,770 30% FF 
20:40 108 300 32,400 190,170 36%   
20:45 103 300 30,900 221,070 42%   
20:50 108 300 32,400 253,470 48%   
20:55 103 300 30,900 284,370 54%   
21:00 108 300 32,400 316,770 60% PF 
21:05 80 300 24,000 340,770 65%   
21:10 67 300 20,100 360,870 69%   
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WW3 - 7/7/14 
Time Q (cfs) Δt (sec) Δt · Q (ft3) Σ(Δt · Q ) (ft3) % Flow Passed   
21:15 61 300 18,300 379,170 72%   
21:20 80 300 24,000 403,170 77%   
21:25 50 300 15,000 418,170 80%   
21:30 49 300 14,700 432,870 82%   
21:35 47 300 14,100 446,970 85%   
21:40 42 300 12,600 459,570 87%   
21:45 30 300 9,000 468,570 89%   
21:50 33 300 9,900 478,470 91%   
21:55 23 300 6,900 485,370 92%   
22:00 21 300 6,300 491,670 94%   
22:05 16 300 4,800 496,470 94%   
22:10 16 300 4,800 501,270 95%   
22:15 13 300 3,900 505,170 96%   
22:20 13 300 3,900 509,070 97%   
22:25 9.1 300 2,730 511,800 97%   
22:30 7.8 300 2,340 514,140 98%   
22:35 7.5 300 2,250 516,390 98%   
22:40 6.4 300 1,920 518,310 99%   
22:45 5.9 300 1,770 520,080 99%   
22:50 5.2 300 1,560 521,640 99%   
22:55 4.9 300 1,470 523,110 100% Back to pre-event Flow 
23:00 4.3 300 1,290 524,400 100%   
23:05 4.1 300 1,230 525,630 100%   
23:10 3.7 300 1,110 526,740 100%   
23:15 3.6 300 1,080 527,820 100%   
23:20 3.1 300 930 528,750 101%   
23:25 2.9 300 870 529,620 101%   
23:30 2.8 300 840 530,460 101%   
23:35 2.6 300 780 531,240 101% RL 
 
 ! !
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E.3 USGS Data 
The USGS Antelope Creek at 27th Street gaging station (06803300) data was used 
to classify stream conditions and is reported in Table E.3.1. The gauging station was 
nearest in proximity to site AC2 which was used as a ‘lead site’ for timing sub-event 
sampling (first flush, peak flow, receding limb). No data was available for cells, which 
are blank, most likely due to an instrumentation error. 
Table E.3.1 USGS Antelope Creek at 27th Street Data for Wet Weather Events 
WW1 - 9/15/13 WW2 - 10/30/13 WW3 - 7/7/14 - 7/8/14 
Time Q (cfs) 
Stage 
(ft) 
Precip 
(in) Time 
Q 
(cfs) 
Stage 
(ft) 
Precip 
(in) Time 
Q 
(cfs) 
Stage 
(ft) 
Precip 
(in) 
1:45 1.4 3.51 0 0:00 0.44 3.45 0 19:00 0.37 3.36 0 
2:00 1.3 3.5 0 0:15 0.44 3.45 0 19:05 0.37 3.36 0 
2:15 1.3 3.5 0 0:30 0.44 3.45 0 19:10 0.37 3.36 0 
2:30 1.3 3.5 0 0:45 0.44 3.45 0 19:15 0.32 3.35 0 
2:45 1.1 3.48 0 1:00 0.44 3.45 0 19:20 0.37 3.36 0 
3:00 0.82 3.45 0 1:15 0.39 3.44 0 19:25 0.37 3.36 0 
3:15 0.82 3.45 0 1:30 0.39 3.44 0.01 19:30 0.37 3.36 0 
3:30 0.82 3.45 0 1:45 0.39 3.44 0 19:35 0.37 3.36 0 
3:45 0.82 3.45 0 2:00 0.39 3.44 0 19:40 0.37 3.36 0 
4:00 0.82 3.45 0 2:15 0.39 3.44 0 19:45 0.37 3.36 0 
4:15 0.82 3.45 0 2:30 0.35 3.43 0 19:50 0.37 3.36 0 
4:30 2 3.58 0 2:45 0.35 3.43 0 19:55 1.9 3.54 0 
4:45 22 4.21 0.08 3:00 0.35 3.43 0 20:00 17 4.06 0.02 
5:00 89 4.88 0 3:15 0.35 3.43 0 20:05 45 4.43 0 
5:15 85 4.84 0.08 3:30 0.35 3.43 0 20:10 61 4.58 0 
5:30 90 4.89 0.02 3:45 0.35 3.43 0 20:15 76 4.73 0.26 
5:45 40 4.46 0 4:00 0.35 3.43 0 20:20 61 4.58 0 
6:00 30 4.34 0 4:15 0.35 3.43 0 20:25 76 4.73 0 
6:15 24 4.24 0 4:30 0.35 3.43 0 20:30 85 4.84 0.05 
6:30 28 4.31 0 4:45 0.35 3.43 0 20:35 103 5.03 0 
6:45 19 4.16 0 5:00 0.35 3.43 0 20:40 108 5.1 0 
7:00 12 4 0 5:15 0.39 3.44 0 20:45 103 5.03 0 
7:15 12 4.01 0 5:30 0.39 3.44 0 20:50 108 5.09 0 
7:30 9.1 3.93 0 5:45 0.39 3.44 0 20:55 103 5.03 0 
7:45 8.8 3.92 0 6:00 0.39 3.44 0 21:00 108 5.09 0.01 
8:00 6.4 3.83 0 6:15 0.39 3.44 0 21:05 80 4.78 0 
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WW1 - 9/15/13 WW2 - 10/30/13 WW3 - 7/7/14 - 7/8/14 
Time Q (cfs) 
Stage 
(ft) 
Precip 
(in) Time 
Q 
(cfs) 
Stage 
(ft) 
Precip 
(in) Time 
Q 
(cfs) 
Stage 
(ft) 
Precip 
(in) 
8:15 5.4 3.79 0 6:30 0.35 3.43 0 21:10 67 4.64 0 
8:30 4.1 3.73 0 6:45 0.35 3.43 0 21:15 61 4.58 0 
8:45 3.9 3.71 0 7:00 0.35 3.43 0 21:20 80 4.78 0 
9:00 3.1 3.66 0 7:15 0.35 3.43 0 21:25 50 4.48 0 
9:15 2.6 3.63 0 7:30 0.35 3.43 0 21:30 49 4.47 0 
9:30 2.6 3.63 0 7:45 0.31 3.42 0 21:35 47 4.45 0 
9:45 2.5 3.62 0 8:00 0.31 3.42 0 21:40 42 4.4 0 
10:00 2.1 3.59 0 8:15 0.31 3.42 0 21:45 30 4.26 0 
10:15     0 8:30 5.8 3.82 0.01 21:50 33 4.29 0 
10:30     0 8:45 10 3.96 0.09 21:55 23 4.17 0 
10:45     0 9:00 17 4.12 0 22:00 21 4.13 0 
11:00     0 9:15 14 4.05 0 22:05 16 4.05 0 
11:15     0 9:30 8.1 3.9 0.01 22:10 16 4.04 0 
11:30 1.8 3.56 0 9:45 5 3.79 0 22:15 13 3.99 0 
11:45 1.7 3.55 0 10:00 4.6 3.77 0 22:20 13 3.97 0 
12:00 1.7 3.55 0 10:15 2.4 3.66 0 22:25 9.1 3.88 0 
12:15 1.6 3.54 0 10:30 2.2 3.64 0 22:30 7.8 3.84 0 
12:30 1.7 3.55 0 10:45 1.7 3.6 0 22:35 7.5 3.83 0 
12:45 1.5 3.53 0 11:00 1.4 3.58 0 22:40 6.4 3.79 0 
13:00     0 11:15 1.4 3.58 0 22:45 5.9 3.77 0 
13:15 1.4 3.52 0 11:30 1.2 3.56 0 22:50 5.2 3.74 0 
    
11:45 1 3.54 0 22:55 4.9 3.73 0 
    
12:00 1 3.54 0 23:00 4.3 3.7 0 
    
12:15 1.3 3.57 0 23:05 4.1 3.69 0 
    
12:30 1 3.54 0 23:10 3.7 3.67 0 
    
12:45 1.1 3.55 0 23:15 3.6 3.66 0 
    
13:00 0.94 3.53 0 23:20 3.1 3.63 0 
    
13:15 1.1 3.55 0 23:25 2.9 3.62 0 
    
13:30     0 23:30 2.8 3.61 0 
    
13:45     0 23:35 2.6 3.6 0 
    
14:00     0 23:40 2.5 3.59 0 
    
14:15     0 23:45 2.4 3.58 0 
    
14:30     0 23:50 2.2 3.57 0 
    
14:45     0 23:55 2.2 3.57 0 
    
15:00     0 0:00 2.2 3.57 0 
    
15:15 1.2 3.56 0 0:05 2.1 3.56 0 
    
15:30     0 0:10 2 3.55 0 
    
15:45 1.3 3.57 0 0:15 2 3.55 0 
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WW2 - 10/30/13 WW3 - 7/7/14 - 7/8/14 
Time Q (cfs) 
Stage 
(ft) 
Precip 
(in) Time 
Q 
(cfs) 
Stage 
(ft) 
Precip 
(in) 
16:00 1.3 3.57 0 0:20 1.9 3.54 0 
16:15     0 0:25 1.8 3.53 0 
16:30 1.2 3.56 0 0:30 1.7 3.52 0 
16:45 1.1 3.55 0 0:35 1.7 3.52 0 
17:00 1 3.54 0 0:40 1.7 3.52 0 
17:15 1 3.54 0 0:45 1.6 3.51 0 
17:30 1 3.54 0 0:50 1.6 3.51 0 
17:45     0 0:55 1.6 3.51 0 
18:00 1.3 3.57 0 1:00 1.5 3.5 0 
18:15 1.3 3.57 0 1:05 1.4 3.49 0 
18:30 1.3 3.57 0 1:10 1.4 3.49 0 
18:45     0 1:15 1.4 3.49 0 
19:00 1.3 3.57 0 1:20 1.3 3.48 0 
19:15 1.2 3.56 0 1:25 1.3 3.48 0 
19:30 1.3 3.57 0 1:30 1.3 3.48 0 
19:45 0.94 3.53 0 1:35 1.3 3.48 0 
20:00     0 1:40 1.2 3.47 0 
20:15 0.87 3.52 0 1:45 1.2 3.47 0 
20:30     0 1:50 1.2 3.47 0 
20:45     0 1:55 1.1 3.46 0 
21:00 0.55 3.47 0 2:00 1.1 3.46 0 
21:15 0.49 3.46 0 2:05 1.1 3.46 0 
21:30 0.55 3.47 0 2:10 1 3.45 0 
21:45     0 2:15 1.1 3.46 0 
22:00 0.55 3.47 0 2:20 1.1 3.46 0 
22:15 0.55 3.47 0 2:25 1 3.45 0 
22:30     0 2:30 1 3.45 0 
22:45 0.55 3.47 0 2:35 0.91 3.44 0 
23:00 0.49 3.46 0 2:40 0.91 3.44 0 
23:15 0.55 3.47 0 2:45 0.91 3.44 0 
23:30 0.44 3.45 0 2:50 0.82 3.43 0 
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Appendix F :  MICROBIAL SOURCE TRACKING 
RESULTS & ANALYSES 
F.1 OTU Summaries per Sample Group 
The 16S rRNA gene is a section of prokaryotic DNA present in all archea and 
bacteria.  The total number of operational taxonomic units (OTUs) belonging to the 
bacteria and archaea kingdoms along with unassigned OTUs are presented in Table F.1.1. 
The numbers presented do not represent unique OTUs but rather the average of the total 
sequences per library within the two kingdoms by sample type. The samples are grouped 
as determined by the ADONIS statistical analysis; site (AC1,AC2,AC3,AC4) for 
sediment, and event (DW1,DW2,DW3,DW4) for dry weather water, and event 
(WW1,WW2,WW3) for wet weather water samples. 
Table F.1.1 OTUs assigned to Archea and Bacteria for each Sample Category 
Sample Unassigned Archaea Bacteria 
Dog 84 90 117,952 
Duck 133 141 105,667 
Goose 6 8 149,266 
Horse 5,677 5,678 201,464 
Pigeon 28 30 143,272 
Small Mammal 1,074 1,075 144,846 
Swallow 9,556 9,557 118,355 
Sanitary Sewer 101 101 134,716 
AC1-Sed° 222 280 86,234 
AC2-Sed° 556 622 98,848 
AC3-Sed° 745 758 128,404 
AC4-Sed° 3,524 3,588 123,381 
DW1* 652 652 133,391 
DW2* 700 702 126,468 
DW3* 113 115 145,502 
DW4* 274 279 159,707 
WW1* 540 544 149,529 
WW2* 88 92 122,916 
WW3* 948 953 138,859 
° Average of multiple sites (i.e. AC1,AC2,AC3,AC4)  
* Average of multiple events (i.e. DW1,DW2,DW3,DW4) 
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F.2  Alpha Diversity Results 
 Community ecologists generally describe the microbial diversity within a site or 
habitat or sample type using alpha diversity. Alpha diversity represents the mean species 
diversity within a defined group and can be calculated using a variety of methods. For 
this study qualitative species richness was estimated using Chao1, and quantitative 
species richness was estimated using the nonparametric Shannon Index, observed species, 
and phylogenetic diversity whole tree metrics. The results are presented in Table F.2.1. 
Table F.2.1 Alpha Diversity Metrics 
Alpha Diversity Sediment 
    Chao1 Observed Species PD Whole Tree Shannon 
Site Type 60000 60000 60000 60000 
AC1* Sediment 1054 957 157 7.52 
AC2* Sediment 1064 959 159 7.34 
AC3* Sediment 999 872 148 6.80 
AC4* Sediment 1061 976 160 7.22 
      Alpha Diversity Dry Weather 
Event Type Chao1 Observed Species PD Whole Tree Shannon 
DW1° Water 819 637 116 4.34 
DW2° Water 937 778.5 138 5.11 
DW3° Water 781 629 113 5.49 
DW4° Water 829 649 122 6.14 
      Alpha Diversity Wet Weather 
Event Type Chao1 Observed Species PD Whole Tree Shannon 
WW1° Water 952 794 129 5.84 
WW2° Water 855 695 118 5.12 
WW3° Water 1114 973 157 6.88 
° Average of multiple sites (i.e. AC1,AC2,AC3,AC4)  
* Average of multiple events (i.e. DW1,DW2,DW3,DW4) 
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F.3  Enterobacteriaeae PCoA 
A multivariative PCoA was performed with the Enterobacteriaceae bacteria from each 
sample using the same approach as the Bacteroidetes analysis. Enterobacteriaceae is a 
family of Gram-negative bacteria, which includes E. coli and other enteric bacteria. The 
analysis was performed to identify if trends found in the Bacteroidetes PCoA were 
similar to those found using Enterobacteriaceae and therefore similar to what would be 
expected for E. coli. Samples were rarefied to 25 sequences per library for the analysis. 
25 sequences per library is a low threshold for rarefaction and therefore the analysis was 
used as a confirmation rather than to identify new information. 
 Figure F.3.1 Multivariative PCoA Analysis for Enterobacteriaceae (25 seq/sample) 
The PCoA shows more overlap amongst the environmental samples (DW, WW, Sed) 
than the Bacteroidetes and whole-community analyses as shown in Figure F.3.1. As with 
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the Bacteroidetes analysis, the Enterobacteriaceae PCoA shows little overlap between 
environmental and source samples, however, the relative proximity of samples from 
specific source groups to the environmental samples has changed from the Bacteroidetes 
analysis. 
